Abstract A vast amount of literature exists for natural convection from horizontal cylinders. This chapter separates the field into two main time periods: early investigators and modern developments. Early investigators focused on analytical and experimental techniques, and modern investigations have focused on using computational fluid dynamics. Nusselt number correlations are presented from many sources for natural convection from horizontal cylinders.
Temperature Boundary Conditions

Early Investigators
One of the earliest studies of natural convection from horizontal cylinders was that of Ayrton and Kilgour in 1892 [4] . In the manuscript, the authors looked at the thermal emission of thin, long horizontal wires with 0.031 mm ≤ D ≤ 0.356 mm and 790 ≤ L/D ≤ 9000 in air. The heat loss of the wires was calculated by multiplying the current by the potential difference in the wire. Morgan [51] In 1898 and 1901, Petavel [56, 57] performed experiments on a thin wire with a diameter of 1.1 mm and aspect ratio of L/D = 403 in air. Morgan [51] Kennelly et al. [35] studied the free convection from small copper wires in air. The diameter of the wire studied was 26.2 mm, and the aspect ratio was 4540. The correlation of data [51] from that paper results in the following for 10 −2 ≤ Gr D Pr ≤ 0.3. Langmuir [42] performed experiments on horizontal platinum wires in air with diameters between 0.004 cm and 0.0510 cm. Morgan [51] (2.8) In 1924, Rice [61] experimentally determined the Nusselt numbers from horizontal cylinders in air. The data correlate into the following equation (2.24) In 1948, Elenbaas [18] determined that for horizontal cylinders
where f(Gr D Pr) has been determined experimentally. For Gr D Pr < 10 4 , f(Gr D Pr) = 1. Senftleben [65] in 1951 for air, gases, and liquids determined the average Nusselt numbers for horizontal cylinders. For 10 5 ≤ Gr D Pr ≤ 10 8
where (2.27) and for large values of Gr D Pr
In 1953, Kyte et al. [40] investigated the effect of reduced pressure (0.1 mmHg to atmospheric) on the natural convection of horizontal cylinders. At reduced pressures, the thickness of the boundary layer becomes large, the gas becomes rarefied, and freemolecule conduction becomes important. Kyte (2.32) In 1955, another investigator who studied the effect of vibration on natural convection heat transfer was Lemlich [43] . Lemlich experimentally studied heated wires with a diameter of 1.01 mm and aspect ratio of 917 in air. For the case with no vibration and 6 × 10 2 ≤ Gr D Pr ≤ 6 × 10 3 , Morgan [51] correlated the experimental data into the following equation In 1956, Beckers et al. [6] performed natural convection experiments on very thin horizontal platinum wires (0.025-0.66 mm) in air, alcohol, paraffin oil, and water at very low Grashof numbers 10 −8 ≤ Gr D ≤ 1. They concluded that at very low Grashof numbers, the Nusselt number is not dependent on the Prandtl number. The correlation given in [6] is
In 1958, Kays and Bjorklund [34] experimentally determined heat transfer coefficients for rotating horizontal cylinders. As part of their study, they tested nonrotating cylinders. Their experimental data verified the correlations presented by Etemad [19] , Eq. (2.32), and McAdams [49] .
In 1960, Tsubouchi and Sato [66] experimentally determined natural convection coefficients for horizontal wires in air. The range of diameters used in the study was from 0.00489 to 0.061 mm and anywhere from 40 to 150 mm long depending on the wire diameter. 
where x is x = 0.14 + 0.015 log(Gr D Pr) (2.40)
Also in 1961, Zhukauskas et al. [73] studied the effect of ultrasonic waves on the heat transfer of bodies in water and oils. The diameter of the horizontal cylinder was 8 mm, and the aspect ratio was approximately 20. For the baseline case without ultrasound, the following average Nusselt number expression was obtained.
The preceding equation is good for 1.5 × 10 4 ≤ Gr D Pr ≤ 2.5 × 10 6 .
In 1962, Deaver et al. [15] experimentally investigated the effect of oscillations on a horizontal wire of 0.178 mm diameter and approximately 2 m long in water. For the case without the vibrations, the average Nusselt number was found to be
In 1963, Fand and Kaye [21] studied the effect of vertical vibrations on the heat transfer of a 22.2-mm-diameter cylinder in air with an aspect ratio of approximately 25. Morgan [51] correlated the data for the control case (no vibration) which resulted in the following equation
Another study on the effect of vibration on the natural convection from horizontal cylinders was done by Lemlich and Rao [44] 
Modern Developments
Around the same time as the review article on Morgan [51] appeared, Churchill and Chu [9] published an article on laminar and turbulent natural convection from a horizontal cylinder. For the laminar regime, they took the limiting Nusselt number expressions of Saville and Churchill [63] , seen in Eqs. (2.48 and 2.49), and used a form suggested by Churchill and Usagi [10] as well as considered the limiting value of the Nusselt number found by Tsubouchi and Masuda [67] 
(2.59) In 1977, Fand et al. [22] conducted an experimental study for natural convection heat transfer from horizontal cylinders to air, water, and silicone oils (0.7 ≤ Pr ≤ 3090) for 2.5 × 10 2 ≤ Gr D Pr ≤ 2 × 10 7 . The investigators correlated their data according to which temperature the fluid properties were evaluated. For the fluid properties evaluated at the mean film reference temperature, the correlation is The authors in [26] claim the above expression agrees well with experimental data in the range 10 −10 ≤ Gr D Pr ≤ 10 7 .
In 1980, Kuehn and Goldstein [39] solved the complete Navier-Stokes and energy equations for natural convection heat transfer from a horizontal isothermal cylinder, which allowed for full plume development. The authors state that previous solutions including boundary-layer assumptions and asymptotic matching solutions are not accurate over the range of 10 0 ≤ Gr D Pr ≤ 10 7 . Kuehn and Goldstein employed a finite-difference overrelaxation technique to solve the equations numerically. The data are presented in Table 2 .1. In the table, theta is the angular coordinate. See Fig. 2.2 for a schematic diagram of the relevant angles for horizontal cylinders. The data were experimentally verified by Kuehn and Goldstein.
Farouk and Güçeri [24] , in 1981, numerically solved for laminar heat transfer from horizontal cylinders. They compared their results with the results of Kuehn and Goldstein [39] and found good agreement.
In 1982, Fujii et al. [27] performed analytical and experimental studies on a thin, horizontal wire. The experimental study was done on a platinum wire that was 0.470 mm in diameter and 238 and 334 mm long situated in air (Pr = 0.7). The experimental results, for Ra D = 0.37, which were read from the figure in [27] are listed in Table 2 In 1983, de Socio [17] experimentally investigated laminar free convection about horizontal cylinders that were partly isothermal and partly adiabatic. The motivation for this study was to determine the heat transfer around metal tubes which were partially covered by snow or ice or around tubes that had an internal layer of deposits that affected heat transfer performance. Three cylinders were tested, each having a diameter of 37 mm and a length of 0.5 mm. Referring to Fig. 2 where B and m are defined in Table 2 .3. Al-Arabi and Khamis [2] experimentally determined average Nusselt numbers for air (Pr = 0.7). The isothermal boundary condition was employed using steam condensation.
For laminar flow and 1.08 × 10 4 ≤ Gr D ≤ 6.9 × 10 5 and Gr L Pr ≥ 9.88 × 10 7 , the average Nusselt number is
Al-Arabi and Khamis also experimentally determined local Nusselt numbers for air.
For laminar flow and 1.08 × 10 4 ≤ Gr D ≤ 6.9 × 10 5 and Gr x Pr ≥ 1.63 × 10 8 , the local Nusselt number is [70] , in 1990, numerically computed the natural convection heat transfer from a horizontal cylinder with differing boundary condition using a spline fractional step method. Unlike previous researchers, Wang et al. solved for both the boundary layer and the resultant plume. The investigators present three cases: uniform heat flux (which will be presented in the next section), isothermal surface (which will be presented here), and mixed boundary conditions. The results for the isothermal surface are presented in Table 2 .4.
The results in Table 2 .4 are in good agreement with those of Kuehn and Goldstein [39] which are displayed in Table 2 .1.
In 1993, Saitoh et al. [62] set forth to find benchmark solutions for the natural convection heat transfer around a horizontal isothermal cylinder. The authors of [62] employed five different kinds of numerical methodologies: (a) the ordinary explicit finite-difference method (FDM), (b) the multi-point FDM with uniform mesh, (c) the multi-point FDM with two computation domains, (d) the multi-point FDM with logarithmic coordinate transformation, and (e) the multi-point FDM with logarithmic coordinate transformation and a solid boundary condition. The results for an isothermal boundary condition are listed in Table 2 .5 for the multi-point FDM with logarithmic coordinate transformation and a solid boundary condition finite-difference scheme.
The results in Table 2 .5 agree well with the results of Kuehn and Goldstein and Wang et al. Chouikh et al. [8] , in 1998, expanded the work of Saitoh et al. [62] . They numerically solved the conservation of mass, momentum, and energy equations via the vorticity-stream function approach. Their results for 10 1 ≤ Gr D Pr ≤ 10 6 are shown in Table 2 .6.
Recently, in 2009, Atayilmaz and Teke [3] performed experimental and numerical studies on natural convection from horizontal cylinders. The authors in [3] claim that although the subject has been studied extensively for over 50 years, discrepancies in all of the data still exist due to various factors. Further, the motivating application of Atayilmaz and Teke is heat exchangers used in small refrigeration applications (D = 4.8 and 9.45 mm) and the authors state that there has been no investigation of this particular diameter. Based on the experimental data, the following correlation was proposed for 7. Atayilmaz and Teke compared their experimental results with that of Morgan [51] , Churchill and Chu [9] , and Fand and Brucker [23] and found agreement to within 20 %. For the numerical portion, the authors compared their results to that of Merkin [50] who also did a numerical simulation. The two sets of results follow the same trend, but are not in good agreement.
Heat Flux Boundary Conditions
According to Dyer [16] , up until his current investigation in 1965, studying natural convection from horizontal cylinders with a uniform heat flux boundary condition appeared to be neglected in the literature. Therefore, Dyer did both a theoretical and an experimental study. The theoretical study, which is valid for 10 3 ≤ Gr * D Pr ≤ 10 10 yielded
The experimental results, which were conducted in air using an electrically heated horizontal cylinder that was 7.7 cm in diameter, validated the analytical results.
In 1972, Wilks [72] did a theoretical study of natural convection from twodimensional bodies with constant heat flux using the boundary-layer approximation. The results in [72] were correlated by Churchill [11] In 1987, Qureshi and Ahmad [58] performed a numerical solution of the full Navier-Stokes and energy equations for a uniform heat flux cylinder in air (Pr = 0.7). The results are presented in Table 2 For Gr * D Pr ≤ 10 0 , the average Nusselt numbers may be predicted by correlations for isothermal cylinders.
In 1990, Wang et al. [70] numerically computed the natural convection heat transfer from a horizontal cylinder with differing boundary condition using a spline fractional step method. The results for the uniform heat flux case are shown in Table 2 .8.
Wang et al. [70] compared their results with Wilks [72] , Churchill [11] , and Qureshi and Ahmad [58] and found good agreement. 
